1] The shortening between the African and the Iberian plates is absorbed by a number of faults distributed over a very wide zone with very low slip rates and long periods of seismic loading. Thus a seismotectonic map based only on faults associated with seismicity or with expressive geomorphic features is incomplete. It is possible to characterize seismogenic faults using paleoseismology. First, paleoseismological results based on trenching analysis in the eastern Betics (Lorca-Totana segment of the Alhama de Murcia fault) are presented. The main paleoseismic parameters of this fault segment are (1) a minimum of two to three M w 6.5-7 earthquakes in the last 27 kyr (shortly before 1650 A.D., between 830 and 2130 B.C. and shortly before 16.7 ka, respectively), with a mean recurrence period of 14 kyr, and a very short elapsed time, and (2) a net slip rate of 0.07-0.6 mm/yr during the last 30 kyr. These results were extrapolated to the rest of the known active faults in the eastern Betics and were added to the slip rates of the active faults at the African margin. The total slip rate of the transect, which crosses de Alhama de Murcia fault in Spain and reaches the Cheliff basin (Algeria), would represent 21-82% of the total shortening between Africa and Eurasia estimated from plate motion models and seismic moment summation. A number of factors could account for this discrepancy:
Introduction
[2] Iberia and Africa converge at a very slow rate, 4.5-5.6 mm/yr [Argus et al., 1989; DeMets et al., 1990 DeMets et al., , 1994 Kiratzi and Papazachos, 1995; McClusky et al., 2003; Pondrelli, 1999] through a diffuse collisional plate boundary. The width of this boundary has been defined by its seismicity and recent deformation [McKenzie, 1972; López et al., 1987; Buforn et al., 1995; López et al., 1995; Sanz de Galdeano et al., 1995; . The area under deformation is 1500 km wide in some parts and includes the Betics, the Pyrenees, the Rif-Tell, and the Atlas Mountains with the Alboran sea between the Betics and the Rif-Tell (Figure 1 ). The slow convergence rate and the diffuse boundary suggest the partition of the shortening across the boundary zone between a number of structures with slow slip rates, which do not facilitate clear evidence of their tectonic activity. Although large earthquakes enable the detection of some of these active faults, many remain hidden because of the long recurrence periods of their maximum earthquakes. It is possible that the largest earthquakes of some seismogenic faults may not have been historically recorded.
[3] Slow moving active faults are often difficult to identify despite their seismogenic nature [D'Addezio et al., 1995; Pantosti et al., 1996; Crone et al., 1997; Masana et al., 2001; Martínez-Díaz et al., 2001] . Paleoseismology can provide evidence of seismogenic activity along silent faults and can characterize this activity in terms of slip rate and amount of deformation absorbed by individual faults. Although a number of studies have revealed recent tectonic activity along some of the faults, few analyses focus on their seismogenic behavior. Paleoseismic data of the El Asnam earthquake zone (Algeria) provide some constraints for the active and seismic tectonics in the African plate [Aoudia and Meghraoui, 1995; Meghraoui and Doumaz, 1996; Morel and Meghraoui, 1996] . By contrast, the seismogenic behavior of faults in the Iberian plate has been neglected to date. Southeast of the Pyrenees, Masana [1996] and Masana et al. [2001] provide evidence of seismogenic activity along the El Camp normal fault, several hundred kilometers north of the collisional zone. In the Betics, south of the Granada basin, Reicherter [2001] relates the 1885 earthquake to the normal fault at Ventas de Zafarraya using a paleoseismological approach, and Alfaro et al. [2001] describe the recent tectonics of the El Padul normal fault without dating and characterizing the individual earthquakes.
[4] The main aim of this paper is the paleoseismological characterization of the Lorca-Totana segment of the Alhama de Murcia fault, which is one of the most active faults in the eastern Betics. The parameters obtained are extrapolated to the rest of the known active faults of a transect parallel to the Eurasia-Africa convergence vector to obtain an approximate value of the shortening absorbed by the known active faults along this transect. The transect crosses de Alhama de Murcia fault in Spain and reaches the Cheliff basin in Algeria. A comparison of this total shortening rate estimated from the paleoseismological data to the convergence rate of the Iberian and African plates along the considered transect shows discrepancies, raising a discussion about the seismotectonic model across the diffuse Iberian-African plate boundary.
The Betics in the Ibero-Maghrebian Region
[5] The Betics and the Rif, the westernmost Alpine ranges, are linked by the Gibraltar arc at the boundary between the African and Iberian plates. From west to east, this plate boundary extends from the Azores to the Straits of Gibraltar and continues through the south of the Iberian Peninsula, the Alboran Sea, and northern Morroco, Algeria and Tunisia (Figure 1 ). Along the westernmost part of this boundary the plates are currently formed by oceanic lithosphere whereas, from Gibraltar to Tunisia, the two colliding plates are composed of continental lithosphere. The Alboran Sea, which separates both ranges, is formed by an extremely thinned continental lithosphere and oceanic crust to the east [Comas et al., 1999] .
[6] The Betics and the Rif show an apparently symmetrical structure. They are both made up of internal units (Alpujarride, Malaguide and Nevadofilabride in the Betics, and Sebtides and Ghomarides in the Rif ), external zones (foreland basins), and several Neogene to Quaternary basins superimposed onto the previous structure and limited by E-W and NE-SW faults. The different opening velocities along the north and south Mid-Atlantic Ridge have transformed the Eurasian-African plate boundary into a transform fault since Triassic times. The African and Iberian passive margins formed and the Ligurian Ocean opened in the Jurassic and early Cretaceous [Sanz de Galdeano, 1990] . The Late Cretaceous subduction of the oceanic lithosphere ended and the continental collision and thickening of the crust began in the Eocene-Oligocene with the emplacement and shortening of the internal zones. During the Miocene, shortening in the external zones was coeval with the formation of the Alboran Sea under extension. Two hypotheses could account for this: (1) a roll-back, N-S, short subduction zone that migrated westward and ended in Tortonian times when the African margin reached the subduction zone (this would explain the arcuate distribution of the volcanism with the calc-alcaline rocks in the center and the rest following the Gibraltar arc [Lonergan and White, 1997] , and (2) a radial collapse that followed the thickening of the lithosphere due to a convective removal of the lithospheric root [Dewey et al., 1989; Platt and Vissers, 1989; Doblas and Oyarzun, 1989] . During the Miocene, the Betics were, first, under a WNW-ESE maximum horizontal stress, which caused the Alpujarras and Crevillente fault systems to behave as dextral faults [Sanz de Galdeano, 1983 , 1990 . The compressional axis rotated to a NNW-SSE direction during the Tortonian and several NE-SW (i.e., Alhama de Murcia fault) and N90°-110°E faults moved with sinistral and dextral components, respectively [Montenat et al., 1987] . The same maximum horizontal stress direction has been maintained until the present with small variations [Martínez-Díaz, 2002] . According to seismic slip vector studies the Iberian plate is currently converging toward the African plate following an average NW-SE direction with a velocity of 5.4 -5.6 mm/yr, whereas very recent results of plate motion by GPS measurements suggest 4.5 mm/yr of convergence velocity [Argus et al., 1989; DeMets et al., 1990 DeMets et al., , 1994 Kiratzi and Papazachos, 1995; McClusky et al., 2003; Pondrelli, 1999 ].
[7] Although not as well constrained as along the Azores fault plane, the seismicity from 12°W to Gibraltar and along the Algerian coast is concentrated along a narrow band. By contrast, in Spain and Morocco, the seismicity is distributed over a wide zone, from the Pyrenees to the Saharan Atlas, and is mainly concentrated in the Internal zones of the Betic and Rif ranges ( Figure 1 ). The instrumental seismicity of the 1965 period [Instituto Geográfico Nacional (IGN ), 2001 is characterized by a continuous activity of moderate to low magnitude (M < 5) earthquakes and by two large events, the El Asnam (Algeria, m b = 6.5, 1980) and the Cape San Vicente (Portugal, m b = 7.3, 1969) earthquakes [Buforn et al., 1995] . The historical catalogue (Table 1) shows other catastrophic earthquakes in the area such as the Lisbon (Portugal, 1755, MSKI = X) or the Arenas del Rey (Spain, MSKI = X, 1884) earthquakes among others. Most of the seismicity is superficial ( Figure 1) [Buforn et al., 1991 [Buforn et al., , 1995 . The intermediate seismicity is possibly linked to an ancient subduction zone or to delamination [Buforn et al., 1995] and the few deep earthquakes could be attributed to a broken old subducted slab [Udías et al., 1976; Cung and Kanamori, 1976; Grimison and Cheng, 1986 ].
[8] The epicentral map suggests few bands of earthquakes. A number of epicenters are located along the deformation zone controlled by the Alhama de Murcia, Carboneras, and Palomares faults in the Betics, and with lower intensity, along the Agadir-Nekor seismic belt in the Middle Atlas.
The Alhama de Murcia Fault
[9] The Alhama de Murcia fault (AMF), first described as a strike-slip fault by Bousquet and Montenat [1974] , is located in the eastern Betics and runs along 100 km from the Huercal-Overa depression to the surroundings of Murcia (Figure 1 ). According to geophysical data (gravimetry and vertical electric sounding) it could reach the Crevillente fault to the north [Gauyau et al., 1977] . This NE-SW trending fault ( Figure 2 ) bounds the Guadalentin Neogene depression to the northwest. The late Miocene left-lateral and reverse oblique-slip probably controlled the evolution of the Lorca and Alhama-Fortuna Neogene basins under a NNW-SSE to NNE-SSW compression field [Bousquet and Montenat, 1974; Bousquet et al., 1978; Bousquet, 1979; Armijo, 1977; Hernández-Enrile, 1992a, 1992b] . Recent neotectonic studies [Martínez-Díaz and Hernández Enrile, 1992b , 1996 Baena et al., 1993; Silva et al., 1993] confirm the Quaternary stress field.
[10] On the basis of their geometry, fractal signature, and seismicity, Silva et al. [1992] proposed the subdivision of the fault into four segments: Huercal Overa-Lorca (NNE-SSW), Lorca-Alhama (NE-SW), Alhama-Alcantarilla (NNE-SSW), from Alcantarilla to the north. This proposition has been modified by Martínez-Díaz and Hernández Enrile [1999] , who supplied information concerning the recent tectonic history of the fault, and the morphologic features of the ranges bounded by the fault (Figure 2b ). They suggest a subdivision of the Lorca-Alhama part into two segments and do not consider the fault to the north of Alcantarilla. The result is four segments along the whole fault from south to north: (1) Puerto Lumbreras (or Huercal Overa)-Lorca (37 km), with a horse tail termination to Huercal Overa, moderate concentration of epicenters and the evident relief of the Las Estancias range, (2) Lorca-Totana (16 km) where the fault controlled the evolution of the Neogene Lorca basin, currently bounding the La Tercia range and with the maximum concentration of seismicity, (3) Totana-Alhama de Murcia (17 km), and (4) Alhama de Murcia-Alcantarilla (23 km) which controlled the evolution of a depression to the NW but shows low geomorphologic fault expression. The different seismogenic behavior of these segments has not been proved and consequently the rupture of the whole fault cannot be ruled out. Our paleoseismic study focused attention on the Lorca-Totana segment ( Figure 2) , where Quaternary sediments are trapped by the recent activity of the fault (Figure 3 ).
Seismogenic Characterization of the Lorca-Totana Segment
[11] The Lorca-Totana segment of the Alhama de Murcia fault is a 16-km-long structure composed of two main NE-SW fault branches: (1) a northwestern reverse fault strongly dipping to the northwest and bounding the La Tercia range to the SE and (2) a southeastern left-lateral and high-angle reverse fault dipping to the southeast with oblique slip. The northwestern fault separates the Malaguide and Alpujarride units which make up the La Tercia range from the Quaternary sediments deposited to the southeast in a NE-SW elongated depression. The southeastern fault separates the Quaternary sediments to the northwest (the elongated basin) from the Miocene sediments to the southeast. The combined activity of the two faults is responsible for the formation of the NE-SW elongated Quaternary basin, which could behave as a damming corridor for the sediments coming from the La Tercia range. Both strands join together near the town of Lorca to the southwest whereas the southeastern fault strand vanishes to the northeast near Totana.
[12] The historical seismic catalogue ( Table 2) contains references of a number of MSK I > VI earthquakes linked to the Alhama de Murcia fault, three with MSK I = VIII [Martínez Solares and Mezcua, 2002] . Of these, the earthquakes of Lorca 1579 Lorca , 1674 Lorca , and 1818 Murcia 1743; Totana 1907; Lorquí 1911; and Fortuna 1944 stand out. Most of the seismicity is concentrated along the central part of the fault (mainly along the Lorca-Totana segment), and no historical seismicity has been recorded in the southern segment (Puerto Lumbreras-Lorca). In the Lorca-Totana segment the largest earthquakes occurred in 1579 (MSK I = VII) and 1674 (MSK I = VIII) [Martínez Solares and Mezcua, 2002] with epicenter in Lorca. The most latter was a series of at least three earthquakes, two of them of MSK I = VII and the strongest one of I = VIII. The reports of another earthquake in Lorca (1818, MSK I = VII), describe how the landscape was modified by the earthquake ''hundimiento de unas tierras entre Lorca y Totana'' collapse of some parts of the land between Lorca and Totana [Martínez-Guevara, 1984] , which could be interpreted as landslides. A correlation between MSK I = VIII and a m b = 6.0 has been obtained from the earthquake population analysis in the area [Martínez-Díaz, 1998 ]. The instrumental seismicity, which never exceeds 4.5, is mainly concentrated along the southeastern Lorca-Totana fault and is also sporadic in the Guadalentín depression [Amores et al., 2002] . The hypo- centers are shallow, mostly located around 10 km depth [Martínez-Díaz, 1998 ].
[13] A geomorphological analysis revealed three depositional units filling the upper part of the depressed corridor (Old alluvial fan, Intermediate alluvial fan, and Young alluvial terrace) ( Figure 3 ). These recent units are deposited over late Miocene rocks (upper Tortonian yellow marls and laminated Messinian gypsum [Montenat et al., 1987] . The Old alluvial fan unit is composed of alluvial gravels, sands and clays, displaying highly developed calcrete soils. The Intermediate alluvial fan unit shows a similar composition with a reddish color and moderately developed calcrete soils on top. Finally, the Young alluvial terraces are gray in color, made up of gravels, sands and, locally, light clays, and [14] A right stepping array of NE-SW kilometer-long faults, which are mainly dip-slip faults because of the faceted spurs, forms the northwestern fault. The right stepping arrangement of these faults could account for an inherited geometry and does not reflect the present fault activity given the left lateral movement of the Alhama de Murcia fault. Although Plio-Quaternary sediments (Old and Intermediate alluvial fans in Figure 3a ) are deformed by this fault, no large fault scarps or deformation were found in the most recent sediments (upper Intermediate alluvial fan and Young alluvial terrace of Figure 3a ). In contrast, the southeastern fault clearly deforms the young units. This suggests that current tectonic activity is taking place along the southeastern fault. This fault was therefore selected for paleoseismic study because of its prominent geomorphological expression and current tectonic indicators as recorded by the sediments following the cumulative offset.
[15] Two alluvial fans, Colmenar and El Saltador, which belong to the Intermediate alluvial fans (Figure 3a ), reach the Guadalentin basin crossing the southeastern fault. Figure 3c shows 8 m of vertical offset on top of the Colmenar alluvial fan, which was deduced from the microtopographic profiling of the fan surface and the position of this same surface buried at trench 1. An additional profile to the west of trench 1 suggests 2.5 m of vertical offset. Two meters were measured along the El Saltador Intermediate alluvial fan surface (Figure 3b ).
Paleoseismic Studies at the Colmenar Creek Site
[16] At the intersection of the Colmenar fan with the southeastern fault, Colmenar creek, which flows from the La Tercia range toward the Guadalentin in a NW-SE direction, turns abruptly to the WSW (parallel to the fault), and recovers its NW-SE trend for several hundred meters downstream. The fault exposure generated by the river incision on the right bank was analyzed for paleoseismology (trench 2). Trench 1 was dug across the fault where the young terraces (Holocene in age as a result of radiocarbon dating according to Martínez-Díaz et al. [2001] ) are preserved next to the fault.
[17] Trench 1 (Figure 4) shows the deposits of the alluvial terrace (C -F) that overlies the intermediate alluvial fan (A, B) , and also the Miocene yellow marls and gypsum, (O). The whole sequence of intermediate and young deposits is tilted (in different dips) to the northwest because of the reverse movement of the fault. Four highly SE dipping reverse fault zones were observed (2 -5) affecting units A to B. The contact between the deformed and eroded intermediate alluvial fan generation deposits, Quaternary in age, and the Neogene marls, silts and gypsum is a vertical unconformity (number 1 in Figure 4 ). The faults labeled 2, 3 and 4 in Figure 4 cut the beds of this alluvial fan and show a slip larger than the trench depth, whereas the slip of fault 5 is of around one meter (see unit A 1 in trench 1). The kinematic behavior of the fault was only constrained by the reverse component on trench walls in the absence of slickensides on the fault planes and hence a strike-slip component was not confirmed at trench 1.
[18] Trench 2 ( Figure 4) shows a highly deformed area in the lower part of the wall, produced by several SE low dipping reverse faults that converge in the southeastern lowermost part of the trench. As in trench 1, a vertical contact (unconformity) is visible between Miocene marls and Quaternary beds (number 1 in Figure 4 ). The faults numbered 2 to 4 show reverse slip on the trench wall. Close to the unconformity, some vertical bedding planes separating gravel from silt beds show horizontal slickensides, suggesting interbedding slip with strike-slip component, although few dip-slip slickensides are also observed.
[19] The stratigraphic units of both trenches are well correlatable and tilted in the same sense. In addition, trench 2 shows a better exposure of the very local unit C formed by red to yellowish silty layers with some sparse pebbles, tilted to the north. Unit E covers units C and D by means of an erosive contact with channel structures. Radiocarbon dating reveals that unit D is younger than unit C ( Table 3 ). Most of the faults at trench 2 are sealed by unit C, D or E. Only fault 2, cuts unit D slightly, but clearly. Tables 3 and 4 ).
[20] The yellowish red sediments of unit C differ from those of the rest of the stratigraphic units, which are gray in color. The only possible source for the red to yellow clays and silts of its matrix are the Neogene marls which crop out only in the hanging wall of the southeastern fault, downstream (inset map in Figure 4 ). The source area for the rest of the sediments at this site is the La Tercia range to the NW. Unit C is only located in the downthrown wall around Colmenar creek. Its location, reduced extension and low energy environment (fine-grained sediments) suggest that unit C results from the sudden damming of the southeastward drainage of Colmenar creek (or an earlier creek), possibly because of the uplift of the southeastern wall of the fault. Accordingly, the hills of the upthrown wall would therefore be the source of unit C (Figure 4) .
[21] The internal deformation and tilting of units A to C and the abrupt sedimentary environmental change reflected by unit C were used as evidence of seismic events. There was evidence of at least two earthquakes, since the sedimentation of unit C. Earlier deformation can be observed but it could not be analyzed in terms of individual events. 4.1.1. Event Z
[22] Assuming that unit C was deposited originally horizontal, its current NW dip suggests a tectonic tilting (observed at both trenches) caused by the reverse slip of the southeastern fault. This deformation occurred after the deposition of unit C but before the formation of unit E, which is not tilted. Independent evidence of a deformation event is provided by the ruptured bottom of unit D, which is affected by fault 2 (see magnification of trench 2). This event occurred after the deposition of unit D, which is deformed, and before the deposition of unit E, which seals the fault. Therefore, at least one event occurred between the deposition of unit C and E, i.e., between 1760 and 830 B.C. (Table 3 ). The seismic origin of this event is uncertain and should be corroborated by correlation with other events at different trenches.
Event X
[23] This is evidenced by the nature of unit C, its southern origin, its local source, and its restriction to Colmenar creek, next to the fault. The relief produced by the reverse slip of the southern fault would have generated the damming of Colmenar creek and also the abrupt change in the source area. The stratigraphic lower limit of this unit is very sharp and suggests a sudden change in the environmental conditions. This event would have taken place just before the deposition of unit C (the change in sedimentary conditions is interpreted to be triggered by the movement of the fault and therefore little time is expected between the earthquake and the deposition of unit C) and long after the formation of unit B (calcrete soil on top of alluvial fan A) which is the youngest deformed layer before unit C, i.e., between 35 ka and 16670 B.C. (but probably only a short time before 16670 B.C.).
Paleoseismic Studies at the El Saltador Site
[24] The slip of the fault across the El Saltador alluvial fan may also generate local damming. Trenches 3 and 4 ( Figures 5 and 6) were dug across the smooth step generated by the fault at the El Saltador alluvial fan in an area where a small flat surface suggests the damming of a small gully (topographic map in Figure 6 ). See the topographical profile on the surface of the alluvial fan, across the fault, at the El Saltador site ( profile P2 in Figure 3 ). Trench 3 was dug midway between the depocenter of the dammed area and its northeastern edge in order to avoid the possible erosion of the stream. Trench 4 was dug at the depocenter of the dammed area where, occasionally, previous damming events could have been recorded even if they had been of low intensity.
[25] Trench 3 ( Figure 5) shows loose gravels interbedded with relict soil units (H, F and D), which form part of the El Saltador fan (Intermediate alluvial fan). Because of the direction of sediment transport from the La Tercia range toward the Guadalentín depression, the fan originally dipped slightly to the SE. This sedimentary dip (units I to C) is preserved in the northwestern half of the trench on both walls, but these units dip slightly to the NW, from meter 17 to 23, showing the bend of all these units. In the southeastern part of the trench, unit J, composed of moderately cemented gravels, dips to the northwest in an opposite direction to the fan slope. This unit shows an eroded and incompletely developed calcic soil on top. The uppermost part of the trench is filled with a fine-grained unit (B) northwest of the deformed area. This unit is located under the flat surface observed at the topographic level (meters 0 to 21). This trench reveals two deformation zones (correlatable between the two walls). The northern one (1 in Figure 5 ) consists of a set of reverse faults with centimetric offsets and angular folds. The axial planes of the angular folds and the reverse faults dip to the SE. This deformation affects only the lower sedimentary units of the trench (unit I). The southern deformation area (2 in Figure 5 ) consists of a gentle fold cut by a set of reverse faults, which are nearly vertical, but locally dipping SE, and show offsets in the order of few centimeters. These structures deform sedimentary units younger than those deformed in zone 1, and affect unit D. Between deformation zones 1 and 2 the layers dip to the NW. The interbedded soils are partly eroded by the overlying units. A number of unconformities occur at the bottom of most of the units (bottoms of units G, E, C, and B). These units lie on truncated beds over the deformed zones, whereas away from these zones they are parallel to the underlying beds.
[26] Trench 4 ( Figure 6 ) shows two main units: the alluvial fan sediments (d), and the fine-grained sediments (a, b, and c), which are on top. Units a and b can be distinguished because of their differences in color and gravel content, which can be attributed to small changes in the flow energy. The trench shows three areas of deformation: Zone 1 consists of a decimeter size folding with a kink-band pattern with local dislocations along the fault planes that produce vertical offsets of the layers. These structures affect unit d but do not involve units c, b, and a. Zone 2 has characteristics similar to those of zone 1. Zone 3, the southernmost deformation feature in this trench, is a vertical fault with a clear offset and does not show folding. Between the deformation zones, the bedding dips to the NW and to the southeast of zone 3 the layers recover their original SE dip of the fan. Units c, b, and a unconformably overlie unit d, cutting several of its beds, in the deformation zones whereas at some distance they become parallel to d, indicating the tectonic origin of the unconformity.
[27] At least two deformation events can be identified at this site according to the following evidence: (1) abrupt change in the type of deposition (from gravels to clays) attributed to the damming of the drainage by the fault movement and deposition of these fine sediments in coincidence with the newly formed scarp, and (2) unconformity located over deformed zones (faults and folds) separating groups of sedimentary units which are equally deformed.
Event T
[28] Units B (trench 3) and b (trench 4) are correlatable and represent the sedimentary record of a possible damming episode of the southward drainage of the gully. The B, b unit is located under the flat surface of the area adjacent to the fault. It is clearly linked to the deformed zone as revealed by the trench logs: its depositional limit to the south is located over the youngest deformation structure at trench 3 (fault zone 2) and at trench 4 (deformed zones 2 and 3). Its sharp lower limit also suggests an abrupt change in the sedimentary conditions that are attributed to a sudden uplift of the southeastern block of the fault, i.e., an earthquake. Bending of units E, D, and C at trench 3 over fault zone 2 also account for this event. Absolute dating of the bottom of unit a at trench 4 (results obtained from charcoal were preferred rather than from soil or shell, see Table 3 ) and of unit D at trench 3 bracket the age of this earthquake between 16.2 ka and 1650 A.D. (Figure 7) . Although the bracket is very wide, the best estimate is very close to the youngest age given that the damming was an immediate consequence of the earthquake. Accordingly, the possibility of the historical occurrence of event T was taken into account.
Event N
[29] The bottom of unit H at trench 3 covers: (1) fault zone 1, (2) part of the deformation at fault zone 2, and (3) the truncated internal laminations of unit I. Therefore event horizon N is possibly located at the bottom of unit H. Absolute dating of units H and I indicate a time bracket for this event between 26.9 and 15.8 ka.
[30] The vertical offset of unit D (affected only by event T) is 0.9 m ( Figure 5 ). The minimum vertical offset observed in the layering within unit I (affected by events T and N) after restoring the erosion is 3.5 m. Subtracting the offset attributed to event T from this value, the amount of vertical offset of event N results in 2.5 m and it is much larger than that observed for event T (0.9 m). This suggests that N could be a multiple event (at least three if the 0.9 m slip per event is accepted). After restoring the deformation produced by event T, unit H still shows a nonplanar shape in fault zone 2 (southern wall of trench 3) and in fault zone 1 (trench 3). This suggests that this soil (H) was developed over a partly eroded old fault scarp. The small paleohill was buried by onlapping of younger units G, E and C, which were probably episodic and separated in time as evidenced by the soils developed on top of them (units F and D).
Correlation of the Events and Paleoseismic Parameters of the Lorca-Totana Segment
[31] This paleoseismic study provides evidence of two possible past earthquakes at each site. The events were defined on the basis of the following evidence: (1) sudden change in sedimentation conditions (from alluvial to stream damming environments) associated with deformed sediments (event T, El Saltador), (2) unconformities separating layers with different degrees of deformation (event N, El Saltador), (3) tilting of a layer interpreted to be formed horizontally (event Z, Colmenar), and (4) sedimentary unit (unit C at the Colmenar site) deposited only next to the fault and showing evidence of sudden shift of the source area, from the La Tercia range (general source area for the zone) to the relief generated by the movement of the fault downstream (event X, Colmenar).
[32] Figure 7 shows the time bracket for each of these events. Bearing in mind that only a minimum number of the real large events are recorded, the correlation between events detected at the two sites is not obvious. However, the correlation between events T and Z is possible because the time bracket for event Z is included in the time bracket for event T. A number of possibilities can be considered:
(1) events T and Z correlate and therefore event T is not historical (the oldest registered historical earthquake in the area occurred in 1579 I = VII with the epicenter in Lorca, whereas the youngest limit for event Z is 830 B.C.), (2) events T and Z correspond to two different events (rupture of T did not affect the Colmenar site and rupture of Z did not affect the El Saltador site), and (3) there are two events recorded at each site but they cannot be separated. A large earthquake at Colmenar would possibly rupture at El Saltador, and vice versa, because both sites belong to the same segment of the Alhama de Murcia fault; therefore, option 2 is unprobable. Bearing in mind that event T is likely to have occurred shortly before the deposition of unit B (silts are the result of damming), the correlation between this and event Z (option 1) is difficult. However, it is unlikely that the historical 1579 A.D. event in Lorca was event T given its low intensity values. Conversely, we prefer option 3 because only some earthquakes could be geologically recorded.
[33] The best estimate for event X also corresponds to the youngest part of its time bracket (see section 4.1). Therefore event X could constitute one of the events composing multievent N.
[34] In conclusion, events T-Z could correspond to two events and occurred between 1650 A.D. and 1760 B.C. (best estimate for the occurrence of event T is little time before 1650 A.D. and of event Z between 830 and 1760 B.C.) and event N-X around 16.7 ka. Therefore the average maximum time period between events T, Z and N-X is $14 kyr if three events are considered and the elapsed time since the last event is very small by comparison. Note that the recurrence period is not regular when taking into account three events: the time between the two last events is shorter (2000) than between the penultimate and the old event suggesting clustering.
[35] Events T and Z could correspond to a sudden event (i.e., earthquake), given (1) the fine-grained nature of the sediments of units B/b-a (trench 3/trench 4) and C (trenches 1 and 2) related to a damming process triggered by the fault dislocation, (2) the sharp bottom contact of these units over the coarse deposits of the fans, and (3) the change of the source area (unit C at trenches 1 and 2). There is no direct evidence for a seismic nature of event N-X. However, historical data suggest a seismogenic behavior of the Alhama de Murcia fault and we interpret this event as seismic although creep cannot be excluded.
[36] The vertical component of the slip rate was calculated by using the available ages of the alluvial fan layers and the vertical offsets which were obtained from two sources:
(1) the vertical slip per event measured at the trenches and (2) the microtopographic profiles performed along the alluvial fans of known age. Only trench 3 provided data on the vertical coseismic offset, which is 0.9 m for event(s) T (Z) (0.45 m if two events are considered) and 2.5 m for events N ( Figure 5 ). Therefore the cumulative vertical offset at this site is 3.5 m, during, at least, the last 23.8 ± 3.1 kyr (age of top of unit I at trench 3, just below the unconformity, see Table 4 ), which results in a vertical slip rate of 0.12-0.16 mm/yr. The slip rate, however, is much lower for the last 17.2 ± 2.3 kyr (age of unit D at trench 3, below silty sediments of unit B): 0.04-0.06 mm/yr.
[37] The surface of the El Saltador alluvial fan is offset 2 m ( profile P2 in Figure 3 ) and the available age of the Figure 7 . Dating results obtained for each of the units sampled (values in small italic letters). Best estimate for each unit is indicated by a dark gray strip with ages in large black labels. Complete time bracket for the earthquakes detected at each site is provided. Samples labeled in light gray are not considered in the discussion because of their inconsistent results (not geologically consistent, such as lower layers being younger than upper). At the El Saltador site, the oldest possible age of unit D cannot be older than the oldest age of the underlying unit F. Therefore the same age was attributed to the lower limit of unit D and to unit F, although samples dated in unit D provide older ages. The same stratigraphic reasoning was used to constrain the age of the top of unit F with the result that the age bracket for both units (D and F) coincides.
uppermost layer of the fan is 17.2 ± 2.3 ka (oldest estimated age of layer D in TR3, see Figure 7 ), which indicates a 0.10 -0.13 mm/yr maximum vertical slip rate ( possible inherited fault scarp could produce overestimation of this value). In the Colmenar fan 8 m of vertical offset were measured by combining the topographic profile ( profile P1 in Figure 3 ) and the location of the top of the alluvial fan observed at trench 1. U/Th dating of the calcrete soil on top of this fan provided an age of 29 ± 6 ka for the soil (Table 4) . This implies a maximum vertical slip rate of 0.35 mm/yr. Bearing in mind the time needed to develop such a laminated calcic soil (the age of the sediment is older than that of the soil), these slip rate values should be regarded as an overestimation. The obtained vertical slip rate values (0.10 -0.35 mm/yr) correspond to the last 30 kyr of the history of the fault. This is very similar to that obtained since the Tortonian (6 -11 Myr) estimated in neotectonic studies by Martínez-Díaz and Hernández Enrile [1996] , which ranges between 0.14 and 0.27 mm/yr. The slip rate obtained for the most recent period, however, suggests a decrease in the slip rate (0.04-0.06 mm/yr).
[38] The strike slip component of the fault can reach values higher than those of the vertical slip owing to the slickensides observed at the trenches ( pitch from 32°to 60°). Considering a pitch of 32°(to obtain the highest possible rates), the net slip rate varies between 0.07 and 0.66 mm/yr and the strike slip rate between 0.06 and 0.53 mm/yr (Table 5) . Note, again, that the upper values are probably overestimated since they were obtained from the age of the soil developed on top of the offset surface.
[39] The length of the analyzed southern fault is at least 10 km (shorter than the complete Lorca-Totana segment in which it is included). The thickness of the seismogenic layer in this part of the Iberian Peninsula is considered to be 12-15 km according to the depth of the seismicity [Martínez-Díaz, 1998 ]. Following Wells and Coppersmith [1994] , the rupture of a 150 km 2 area can generate an earthquake of M w 6.1 ± 0.01 (M w 6.3 ± 0.1 if the whole 16 km long segment is considered). The magnitude can also be estimated from the coseismic offset. The 0.9 m of vertical offset correspond to 1-1.7 m of net slip (32°-60°pitch) and this to M w 6.7 -7.0 (±0.04 and ±0.1, respectively). However, if two events T and Z are considered, the equivalent M w is 6.6-6.7 (±0.1 and ±0.04). The higher values obtained from the coseismic offset (even when two events are considered) suggest the possibility of past seismic rupture across segment boundaries. Therefore, although the data are still weak on this point, the complete rupture of the fault producing a single earthquake cannot be ruled out.
Seismotectonic Implications
[40] Comparison of the slip absorbed by the known seismogenic faults located on the boundary between African and Iberian plates with the convergence slip rates raises a number of questions concerning the seismotectonics of this region. A transect is considered parallel to the convergence vector whose azimuth varies between N125°and E160°d epending on the different approaches [Argus et al., 1989; DeMets et al., 1990 DeMets et al., , 1994 McClusky et al., 2003; Galindo-Zaldívar et al., 1993; Kiratzi and Papazachos, 1995] . The 4.5-5.6 mm/yr convergence rates estimated by plate motion models [Dewey et al., 1989; Argus et al., 1989; DeMets et al., 1990 DeMets et al., , 1994 resembles the values obtained by Vertical, net, and strike-slip rates are obtained from these by considering a vertical fault and a pitch of 32°(measured pitch ranges between 32°and 60°; 32°was selected here to obtain the maximum possible rates). The age labeled for the Colmenar fan (lowest value of the range 29 ± 6 ka) is a minimum because it was obtained from the dating of the calcic soil on top of this surface. Shortening absorbed by the Alhama de Murcia fault (N050°E) is measured along a 160°shortening direction (see text for further discussion). Shortening values are shown for each plate margin (African values by Morel and Meghraoui [1996] ) as annual slip rate and as percentage of the plate motion values [Argus et al., 1989 ]. GPS measuring although these are slower: 4.5 mm/yr [McClousky et al., 2003] . The seismic moment tensor summation also indicates a 4.5 mm/yr of coseismic crustal shortening rate along this transect [Kiratzi and Papazachos, 1995] although this value is probably overestimated by the amount of seismic moment provided by the recent El Asnam earthquake in Algeria (1980) .
[41] Few known seismogenic faults are cut by the NNW-SSE transect, which includes the Lorca-Totana segment. These are, from north to south, in the Iberian plate the Crevillente, the Alhama de Murcia and the Carrascoy-Palomares fault systems [Sanz de Galdeano, 1990; Buforn et al., 1995] and in the African plate, the prolongation to the east of the Yussuf fault [Alvarez-Marrón, 1999] , the Oued Allalah thrust with a Quaternary vertical slip rate of 0.5 mm/yr [Aoudia and Meghraoui, 1995] and the Oued Fodda Fault that generated the El Asnam earthquake [Philip and Meghraoui, 1983; Mauffret et al., 1987; Swan, 1988; Mauffret et al., 1992; Meghraoui and Doumaz, 1996; Morel and Meghraoui, 1996] . Some other faults with Quaternary activity have been described in the Alboran sea (i.e., the Alboran ridge, and the Yussuf fault). These are not considered here since their seismogenic behavior is poorly constrained [Woodside and Maldonado, 1992; Watts et al., 1993; Comas et al., 1999] and they are mostly located to the west of the chosen transect.
[42] The geomorphological expression of the Alhama de Murcia fault is comparable to that of the Carrascoy-Palomares fault and is slightly more marked than that of the Crevillente fault. Therefore their slip rates could also be comparable. The Alhama de Murcia fault has a 0.05 -0.48 mm/yr shortening rate along a N160E transect parallel to the direction plate convergence (Table 5 ). Assuming a similar value for all these faults in the Iberian plate, a 2 -31% of the total shortening between both plates is absorbed by this Iberian sector. A higher value (0.4 -0.6 mm/yr) has been attributed to the El Asnam fault and to the Rif and Tell geological domains (1 -2.3 mm/yr), where several northeast-southwest trending folds such as the Oued Allalah thrust show a morphological expression similar to that of the El Asnam . In line with this assumption the Tell and the Iberian known faults would absorb only the 21-82% of the total shortening between the two plates ( Table 5 ). Note that the 82% is an overestimation since it was obtained from the Colmenar slip rate.
[43] A number of factors could account for the unexplained shortening: (1) The Alhama de Murcia fault could be one of the slowest faults in the Iberian sector with the result that the other slip rates have been underestimated when extrapolating the results of this fault to them. (2) Other seismogenic faults could occur offshore. (3) Some long active faults could behave aseismically. (4) Other large seismogenic faults could occur onshore. (5) The large number of small faults, which characterize the diffuse boundary and which do not produce large earthquakes, could absorb a significant part of the shortening. (6) The current convergence rate could not be representative of the mean shortening rate of the last 30 kyr. (7) The convergence rates are overestimated.
[44] We rule out the first two factors for the following reasons: i) The morphological expression of the Alhama de Murcia fault is one of the best preserved in the eastern Betics. Consequently, it is unlikely that its slip rate is one of the lowest of the active faults in this area. ii) The epicenter distribution suggests that most of the deformation is absorbed onshore (although this possibility can not completely be rejected according to the M w 6.8 May 21 2003 Algerian earthquake whose epicenter was located several km offshore).
[45] The remaining factors are more likely to account for the discrepancy in different degrees. Other seismogenic faults could exist onshore since a compilation of the neotectonic structures in areas of slow moving faults could overlook those faults which have not yet been released by an earthquake. Widespread faults could absorb deformation without generating evident geomorphological features, and could therefore be scarcely detectable. As suggested at trench 3, clustering of the seismic events or changes in the slip rate should also be born in mind. Finally, although the seismic moment summation and the plate convergence seems coherent, aseismic faulting cannot be rejected given the possible overestimation of the seismic moment summation generated by the El Asnam earthquake.
Conclusions
[46] The Lorca-Totana segment of the Alhama de Murcia fault is seismogenic and has generated a minimum of two, and very probably three, large earthquakes in the last 27 kyr, the last one (event T) being very recent (shortly before 1650 A.D.), which is probably not the 1579 Lorca earthquake (MSKI = VII) given the low intensity of the latter. The previous event (Z) occurred between 830 and 2130 B.C., and the oldest (possibly a multiple event, N-X) took place shortly before 16.7 ka. The average recurrence period is of 14 kyr (with evidence for clustering: the time between the last two earthquakes would be of 2 kyr) and the elapsed time is short in comparison. The maximum magnitude of this fault varies from M w 6.1 to 7.0 depending on whether the rupture area or the slip per event is used to estimate it and also depending on whether the events T and Z are regarded as two different earthquakes. Accordingly, the complete rupture of the Alhama de Murcia fault across the defined segments cannot be ruled out. The fault shows an oblique left lateral/reverse slip. The vertical slip rate is 0.04 -0.35 mm/yr, and the estimated strike and net slip rates are 0.06-0.53 mm/yr and 0.07 -0.66 mm/yr, respectively.
[47] The amount of convergence absorbed by the seismogenic faults across the Iberian margin ranges probably between 0.15 to 1.4 mm/yr, which is 2 -31% of the total shortening between Africa and Iberia estimated from plate motion models and seismic moment additions. This amount, together with that estimated for the African plate, is only 21-82% of the total shortening. A number of factors could account for this discrepancy: (1) hidden seismogenic faults in the emerged areas were not taken into account, (2) absence of correlation between current and late Pleistocene slip rates, (3) extensive small faults that are undetected and that absorb a significant amount of the deformation, (4) aseismic faulting, and (5) overestimation of the convergence rates.
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